MONOLITHIC TWO COLOR QUANTUM-WELL PHOTODETECTOR 

BACKGROUND OF THE INVENTION 

(1) Field of the Invention: This invention relates to photodetectors, particularly to quantum-well 
integrated photodectors (QWIP) for detecting more than one color. 

(2) Brief Description of Related Art: 

There are -» application* for muki-wavelengm photodeteetors that are simultaneously 
responsive to two different wavelengths. These applications include missile seekers, mftared 
^ for surveillance, target recognition, and environmental monitoring. These wavdengms can 
he in one of ,hree ranges: near mftared (NIR), mid-wavelength inftared (MW), and long-w.ve.engm 
toftared (LW). Depending on the application, the wavelength pairs required can be N1R-MW, 
MW-MW MW-LW, or LW-LW. Implementation of these systems using discrete detecmrs becomes 
expensive, bulky and it can result in inferior performances that do not satisfy the system 
requirement, Mononthically integrated detectors will no, only simplify the signal processing aspect 
of to system but also results in critical performance enhancements. Significant flexibility and 
performance improvements can be achieved hy adding more detectors to cover a broader 

wavelength. . . 

Multi-wavelengm detectors require integration of detectors with different verhcal physrcal 
dimensions and different responsivities within their individual spectral band, There are two 
approaches of monolithically integrating wo detector materials on a single suhsttate. U > the 
widely used vertical irnegration, in which the materia, for the two wavelengths are grown vertrcafly 
in one growth sequence, with a thin etch stop layer grown between each QWIP Ita 
approaches yield the best material properties because both device layers are grown togeflter wahou, 
growtir interruption, The typical thickness of the standard QWIP material structures that are 
commonly used m and thickness of the vertically integrated dual wavelengthpare about 2.0 m 
Fabrication ofQWIP based focal plane armysMaruchnc fa greraerti^ 4.0 requac etching of mesas 
tough these sftuchrres to isolate each of the tens of thousands of pixels in a typical array. While Are 
thickness of the single wavelength s«™*ures fa manageable for device processing, the mult,- 
wavelengm sftucfures rue vhtuaUy impossible ,o fabricam because of the excessively tU mesa, The 
ton mesas will resul, in lower device fabrication yield, Additionally, the wafer growth cost is 
increased because of the prolonged growm duration. Further, the non planarhy of the sftuemres wul 
make fabrication of four different gratings for coupling the radiation drfficult. 



The drawback of the fabrication process complexity for the vertical integration of two-color 
QWlPs can be alleviated by lateral integration. The integration of two colors (MWIR and LWIR) by 
selective epitaxy of MW and LW structures on InP substrate yields manageable total thickness of the 
layers for device processing, but requires two growth sequences as disclosed in U.S. Patent No. 
6 407 439 Bl However, both approaches are limited to integration of two QWIP structures having 
response in MW-MW or LW-LW or MW-LW region. As a result of this serious problem, in this 
mventionathinner layer structure designs is proposed that will be easier to fabricate. The approach 
includes using novel quantum well material combinations to achieve two wavelength windows using 
thicknesses that are comparable to those of single wavelength designs. 

SUMMARY OF THE INVENTION 

An object of this invention is to integrate vertically a quantum-well photodetector using thinner 
layer structure which is easier to fabricate. A second object of this invention is to achieve two 
wavelength windows using thicknesses that are comparable to those of single wavelength designs. 

These objects are achieved by bandgap engineering in a single structure to extend the design of 
standard QWIPs to one that contains a period with two different types of quantum wells, i.e. a multi- 
wavelength structure. Secondly, the new QWIP structure contains a sequence of barrier-well- 
subwell-well-barrier layers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig.la shows a standard GalnAs quantum well structure with AlInAs barriers; Fig.lb shows 
calculated response of QWIP with a standaard GalnAs/ All nAs well having a peak response at 4.7 
|jm wavelength. 

Fig 2a shows GalnAs quantum well structure with InAs sub-well. Total thickness of the well 46 
A sub-well thickness24A Fig.2b shows calculated response of QWIP with modified GalnAs well 
containing a InAs sub-well. The response is shifted from 4.7 to 4.2- jm wavelength. 

Fig.3a shows a layer structure of a single period for a 4-^5-^ dual-wavelength quantum well 
infrared photodetector that uses InAs sub-wells; Fig.3b shows calculated response of a 
GalnAs/ AlInAs dual-wavelength (4.0-nn & 5.0-nn) QWIP structure that uses InAs sub-wells. 

Fig.4 shows the effect of adding standard wells to two wells having InAs sub-well. The response 
(a) and (b) are at 4.2 and 4.7 ^n respectively. 
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Fig .5 shows .he eflec, of thicks variaraon of rhe sub-well on w,ve,engdr of dud action 

thickness ofthe well is kept at 3.6 ran. , A1 r a4s nwiP 
Fig.6 shows wavelength for the absorpdon peak versus well width for a GaAs/AIOaAs QMP 

stmctnre a) without InAs snb-well, and b) with an InAs sub-well. 
P^aiwsatypicalOaAs^sedn^e*,— ofthe eonraraed MW-LW d«ec.o r Ftg^b 

«,rraresponseof,hedraU« 

4, L widd, of the absorption, and b) aandard hnraband for GaAs ouantnrn we 1. 

F*9a shows a typieal raa*ria> structure of to dual LW-IR wavelengrh QWIP; F,g.9b shows 

sub-wells. 

Fig.lOstawsFrrRspectrcofrauhi.wa^ . 

Fig 1 la shows mixed well design to rainiraize rhe dark current with AlOaAs barrrer, <**, A 

dark current. 

Fig.12 shows stmerare of MW-QW designed to reduce the leakage currents. 
DETAILED DESCRIPTION OF THE INVENTION 

FigUa ara. lb show the ercrgv levels and calculated photoresponse of a single we .of a 
^ barrier-wen-barrier We QWIP. The preaen. invention conuins a sequence of bamer-weu- 
subwell-well-barier layers as shown in Fig.2a. 

One such design araf ft. pho.oreaponse are illumed in Figures 2a aud 2 b. The addition of the 
sub-weU reduces the .owes, wave.ength possible for the raaterra. system and — chosen, 
corapared^u.devicewiuxrat.hesub-wenleve.. In some insrances, the design era, place the 

shown in figures la, lb, 2aarai 2b, the srandard QWIP wHh OalnAa well 

wavclengrh of 4.7 pra, and the OalnAs well Una, contain, ft. InAa sub-well absorbs hgtt a, a 

wavelengrh of 4.2 pra. Therefore eorabhring any mo QWIP raatena. arucrures wirh and wnhou, 



4pm -5pm wavdenglh dual absorption QWIPs can be designed (shown » ugums 3a, 3b) 



n umber, arf of tbe sub-wen response of the novel detector stiucntre. M. the numb* of 

H (20) Figure 4 shows the response of «be detecror, a* the absorption wnh only sub-wells 
(4 2 and 4 7pm) and «he response becomes equa. for smtCure having eigh, sfcndard and two sub- 

StJl-— -^^rrrn: 

T* firs, length remain — ,4.87 pm) and the second wave.ength var.es *• » » « 

1J H*kd example of the simulation of the QWIP is changing the material structure U, 
AlGaAs-barrierquamum-weUdetecmrsys.emTheabsorptionbym.stopte 

maintains the absorption strength well to 7.5 urn. 

„f sub-weus to standard wens. For example, the structure show, in Figures a, 7b was 
uLapproachof adding ^« ta ^-*<^»«**-» , *7^ 
the novelty of the proposed design of the QWIPs. 
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An aKemative » a two-wavek^h detector is one tot has a wider spectra, response pea!c 
Figure S shows tot to two-color detomr can be optimized * give a wide spectral response by 
Z- «* thickness of to sub-well. Note to. to aba.rp.ion is also enhanced in to* structure due 
t0 to inclusion of to sub-we.1. Changing to sub-weU thickness, number of sub-wells, and locatton 
of to sub-wells can further increase to spectral width. 

A second exantpie of atypical QW.P mafcria, aructure for a 8-pnvl2-pm dual wavelengto uses 
GalnAsaswell materia, (with and without sub-weU) and AlGalnAs as to barrier matenal. Each ^ 
of two weUs and barriers are optimized to give the required two-color operate The ad torn of to 
sub-weU reduces to lowest wavetength possible for to materia, system and aructure chosen, 
compared to to smtcture without to sub-wen. The stiucture can he designed * P Uce to .owes, 
Z .eve. of to quantum weU m to sub-we... Since to energy .eve. is pinned <o tot pos .on; 
tos aUows to independent adjust, of to u PP *r level of to transition by changing to we., 
width. Figures 9a, 9b show to materia, aructoe am. spectra of to QWIP designed to have 
absorption at 8 and ,2 pm. .n to figure, layers 3-12 form one period and can be repeated to 
tacrease to response. This simulation dearly demons^ to ability to detect two wave.engths 
(8 0 ami .2.0 pm) in a sing.e wavelength region using Woe compatible materials and sutures. 

' The final smtcture investigated was to integral of two such dua.-co.or QWTPs shown » 
figures in 3a, 3b, 9a and 9b. The simulated spectra, response of to integrated gave four absorption 
peaks a, 4.0, 5.0, S.0, and ,2.5 pm wavelengfi. The nsteria. system comams AOnAs and AlGalnAs 

designsofto muhi-wave.engthdetecmrs.aver.iclly integrated TWO-dual wave lc*h M- 
(mid-wave/mid-wave and long-waveAong-wave) was grown on InP substrate. Figure ,0 Ceariy 

two each a. mid-wave (4., 16 and 4.903 pm) and ,ong-wave (8.094 and ,0.,2 urn, rcspecfve,,. Tto 

thickness equa, «o to, of a smndard single wavelength detector. In addition, it is shown to. four 
wavelength detecmr can he fabr.ca.ed using eitor vertical or Weral (by selective epttaxy 
integration of two^ua. wavelength structures. The advance of to selective epUaxy ts to planar 
surface and easy to fabricate gratings of different pitches for coupling of hght. 

fit a sandard QWIP, to bamer is undoped and to wett is doped. The doped well layers can 
be n or p-type. The doping can be uniform or delta/spike/ plana, doped. The spike dopmg can 
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be Si, So, Te and Be, C for n and p-type QWIPs. Alternately, the barrier layers can be 
delta/spike/ planar doped and provides donor or acceptor supply layer for the earners ut the 
well (undoped) of the QWIP. The spike doping or delta or planar doping provtdes two- 
dimensional electron or hole gas in the well and increases the mobility, which improves the 
performance of the QWIP. The sub-well can be narrow bandgap semiconductor or its quantum 
dots (eg. InAs quantum dot in GalnAs well). Typical thicknesses of the well and the sub-well 
are 2.0-10nmand 0.5-3.0 nm respectively. 

The combination of barrier/well materials in the QWIP structure can be extended to other 
semiconductor. The combination of the barrier/well can be; GaAs/AlGaAs, OaAs/GalnP, OaAs/AlAs, 
GalnAs/ AlGaAs (AlAs, GalnP); GalnAs/ AIlnAs, GalnAs/ AlGaAsSb, GalnAs/AlAsSb, 
GaAsSb/AlGaAsSb, GalnAs/ AUnAsSb (InP), InP/AHnAs (AlGaAsSb, AlAsSb, 

In As/AlGaAsSb(A>Sb, A^sSb, AlGaSb), InAs/AIGalnSh, InSh/AlInSb, GaN/AlGaN, GalnN/AlGaN, etc. 
^ any other combination (including Thallium compounds) of binary, temary, quadranary IU-V 
semiconductor. QWIP can be extended to IV-IV semiconductor (Si, Ge, Sn, C), n-VI semiconductors 
(ZnSe, ZnS, CdTe, CdS, etc) or combinations of III-V and IV-IV (e.g. GaP/Si) or IV-IV and II-VI (e.g. 
ZnS/Si or III-V and II-VI (e.g. ZnSe/GaAs). The sub-well can be narrow bandgap semiconductor such as 
toAa IttSb, TIAs, TIP, TlSb, Ge, GeSn, ere. The substrate can be Si, GaAs, GaN, SiC, InP or other 
subsumes on which the QWIP beterostructure is transferred by bonding/lift-offlgrowu, The QWIP 
suture can be can be grown via the group consisting of MBE/CBE/MEE/GSMBE/VPE/OMVPE 
/UHVCVD etc. 
Leakage Current Reduction: 
In the second embodiment of the invention is to implement a novel device structure to reduce 
leakage current in the quamumweU infrared photo-detectors (QWIPs). The standard QWIPs suffer 
from high leakage current and poor feakage current mufbnnny, which resuhs in deg^Uon of the 
response. For wavelengths greater than 8.0pm, the leakage current is worst because of smaller 
conduction band discontinuity for both GaAs and InP based devices. The leakage currents m QWIPs 
can be divided into two types: 1) process induced and 2) dark current Careful processing of the 
devices can minimize fte process induced leakage current and the uniformity. The origin of dark 
current in the QWIPs is due to: 1) phonon excitation, 2) thermionic and 3) defect-assisted tunnebng. 
The dark currents due fothe last two mechamsms can be minimized by proper design of the quantnm 
weU structure. Lower dark current enable background limited infrared photodetector (BLIP) 



Various techniques have been proposed to reduce 4. leakage currents such m „ 
a blocking layer in GaAs/AlGaAs QWIPs, (C.S.Wu etal., IEEE Tran. ED, Vol.39, ' 
■his structure, a thicker barrier of similar conduction band discontinuity was used, whrch 
sufficient to reduce .eakage a. higher temperatines (>40K). In Una invention, fcree appmachesare 
proposed .o reduce the .eakage current in tire QWIPs. First, is to add in tire collector of the QWIP, an 
additional barrier of AlAs (AlSb, and AlAaSb) having large conduction band discon.inu.ty and 

overcome tire large conduction band discontinuity. The advantage of tins approach K that, d requnes 
one extra barrier and easy to implement. 

The second approach is to add a mini-well in the harrior of the QWIP, wmch enables elections o 
turmelthroughthe barriers. The mini-level is designed to have a single s^te ma. is resonant wnh tire 
upper sUte ofmeOalnAs well This design showo in the Figure 11 minimizes the tiumehng of 
electrons throughthe defects in the barriers. 

The third approach is to use step harriers as show, in the Figure 12. This structure is complied 
to gmw The tnree approaches proposed to tins invention can be applied to QWIPs with and wthou. 
sub-well (quantum dots) of InAs (taSb) or inter-band photodetecmrs to minimize the leakage 
currents and enables BLIP operation at higher temperatures (>70K). 

The advantages claimed for this invention are: 

1) AddhionofsulvweUmftestiuKlardQWIPincreasestheresponsivity. 

2) Two colors will aUow absolute calibration as compared to single color, which require black 
body. 

3) Theconcoptcanapplyton-typeorp-typeQW^ 

flT^.™-h«»^•^^■ rt - MW ■ MW • MW ■ , ' W •" ,1 

LW-LW. . , 

,. , tn . w TTT v TV-IV and II-VI compound semiconductors. 

5) The concept can be applied to other 111- v, anvi n v 

6) No complex processing and requires only two grating to couple light. 

7) Reduced dark currents usutg barrier m coUector miniinizes the noi^ 



detectivity. 
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8) The concept can be applied .o inter-band de«ec.ors such as InAs/GalnSb by addmg InSb sub-weU 
to increase the responsivity and extend the wavelengmto very long wavelength mftared 

(VLWIIR). . _ . 

9) Two sets of structures can be integrated vertically or by selective epitaxy to gwe Four-color 

detector and which uses four grating to couple light. 

10) The detectors can be programmable. 

, ,) The barriers and wells (except thin InAs sub-well) are iattice matched to InP substrate. 

Whiie the preferred embodiments of the mvention have been described, it wU. be apparent ,o 
Ho. skiUed in the art that various modifications may be made in the embodiments wnhout 
departing from the spin, of the present urvention. Such modifications are ait wdhm the scope of fins 
invention 
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